The study investigated the effects and underlying mechanisms of silent information regulation of transcription 1 (Sirt1) action on apoptosis in chondrocytes and degradation of the extracellular matrix. Cartilage tissue samples were derived from knee arthroplasty of patients with osteoarthritis (OA). The three groups were as follows: Control, resveratrol (Res) and Res+small interfering (si)RNA (Res+siRNA Sirt1). The level of Sirt1 protein expression significantly increased in the Res group (1.03±0.10) compared with the control (0.22±0.03) and Res+siRNA (0.18±0.01) groups (both P<0.05). Early and late stage cell apoptosis rates decreased in the Res group and increased in the Res+siRNA group (both P<0.05). B-cell lymphoma 2 (Bcl-2) expression levels were upregulated and Bcl-2-associated X protein (Bax) expression levels were downregulated in the Res group compared with the control group. Protein expression levels of MMP1 and MMP13 and the phosphorylation levels of extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 were downregulated in the Res group and upregulated in the Res+siRNA group. In conclusion, upregulation of Sirt1 expression may inhibit OA chondrocyte apoptosis and extracellular matrix degradation by increasing Bcl-2 expression and decreasing Bax, MMP1 and MMP13 expression, via downregulation of p38, JNK and ERK phosphorylation.
Introduction
Osteoarthritis (OA) is a chronic and degenerative joint disease that occurs frequently in elderly individuals (1) . The disability rate of OA among the older population ranks only second to cardiovascular diseases (2) . Articular cartilage damage and osteophyte are the primary pathological features of OA, which is associated with gender, obesity, trauma, inflammation and genetic factors; however, ageing is a primary factor (3) . External and biological factors lead to the imbalance of chondrocytes, extracellular matrix and subchondral bone (4) (5) (6) . Present studies have primarily focused on how cartilago articularis maintains a dynamic equilibrium of cell proliferation and extracellular matrix metabolism.
Silent information regulation of transcription 1 (Sirt1) is the most extensively studied protein of the sirtuin family. Sirt1 is a type of conservative protein and an NAD + -dependent histone deacetylase that exists in all mammalian somatic cells. Sirt1 is involved in diseases, including neural degenerative disease, diabetes, tumor, inflammation and senility (7) . A previous study demonstrated that Sirt1 is expressed in human articular cartilage tissues and cells. However, Sirt1 expression levels are reduced in the chondrocytes of patients with OA. Upregulating Sirt1 expression levels promotes the expression levels of cartilage specific genes and survival of chondrocytes, and inhibits apoptosis of chondrocytes significantly (8) . Another study revealed that upregulating Sirt1 activity an OA mouse model reduces the expression levels of inflammatory mediators including matrix metalloproteinase (MMP) 13 and inducible nitric oxide synthase (iNOS) in chondrocytes, thus inhibits cartilage degeneration in mice (9) . The expression levels of Sirt1 have significant inhibitory effects on the occurrence and development of OA; however, the underlying mechanisms of action remain unclear. Based on the above observations, the present study investigated the effects and underlying mechanisms of action of Sirt1 on apoptosis of chondrocytes and degradation of the extracellular matrix in patients with OA.
Materials and methods
Patients. Cartilage tissues were obtained from knee arthroplasty of 28 patients with OA (age, 56-86 years; mean age, 69 years; males, 12; females, 16) from November 2014 to November 2015. According to the OA diagnostic criteria developed by the American Institute of Rheumatoid Arthritis in 2008, the OA patients were diagnosed by clinical examination and X-ray plain films. Informed consent was obtained from the patients, and the trial was approved by the ethics committee of Xinyu City People's Hospital (Xinyu, China).
Reagents and kits. The following primary antibodies were used: Rabbit polyclonal anti-Sirt1 (cat. no. bs-2257R;
Beijing Boosen Biological Technology Co., Ltd., Beijing, China); rabbit monoclonal anti-apoptosis regulator B-cell lymphoma 2 (Bcl-2; cat. no. 1017-1), anti-apoptosis regulator Bcl-2-associated X protein (Bax; cat. no. 1063-1), anti-extracellular signal regulated kinase 1/2 (ERK1/2; cat. no. 8663-1), anti-phosphorylated (p)-ERK1/2 (cat. no. 1418-1), anti-c-Jun N-terminal kinase (JNK; cat. no. 3496-1), anti-p-JNK (cat. no. 2155-1), anti-p-p38 mitogen activated protein kinase (MAPK; cat. no. 5359-1), anti-p38 (cat. no. 2132-1; all purchased from Epitomics, Burlingame, CA, USA); rabbit polyclonal anti-MMP1 (cat. no. S1023) and MMP13 (cat. no. 1923-1; Abcam, Cambridge, UK). Mouse anti-GAPDH (cat. no. AG019) and an Annexin V-propidium iodide (PI; cat. no. C1063) double staining flow cytometry detection kit were purchased from Beyotime Institute of Biotechnology (Haimen, China), resveratrol (Res) was obtained from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany), Sirt1 small interfering (si)RNA was purchased from Shanghai Pharmaceutical Group Co., Ltd. (Shanghai, China), and type II collagenase, fetal bovine serum (FBS) and Dulbecco's modified Eagle's medium/nutrient mixture F-12 (DMEM/F-12) were obtained from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The XRS ChemiDoc™ gel imaging system was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA, USA) and the FACSCalibur™ flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).
Preparation and grouping of chondrocytes. Under sterile conditions, the OA cartilage tissue was washed and cut into 1-mm 3 sections using ophthalmology scissors. The tissues were digested with 0.25% trypsin for 30 min, following which cells were digested 0.2% collagenase for 2 h. Once the single cell suspension was obtained, cells were cultured in DMEM/F-12 supplemented with 10% FBS at 37˚C and 5% CO 2 . After 4-5 days, cells began to fuse and 2-3 generation cells were used.
Grouping. Chondrocytes at 80% fusion degree were randomly divided into 3 groups: Control (cultured with DMEM/F-12, without any external stimulus); Res (10 µM resveratrol treatment) and Res+siRNA [10 µM resveratrol+siRNA Sirt1, transfected using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.)]. All groups were cultured for 4 h.
Expression levels of Sirt1 in OA chondrocytes by reverse transcription-semiquantitative polymerase chain reaction (RT-sqPCR) analysis. Total RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The primers used were as follows: Sirt1 primer: Forward, 5'-TGG ACT CCA CGA CGT ACT-3' and reverse, 5'-TCT CCT GGG AGG CAT AGA CC-3' (122 bp) for Sirt1; and forward, 5'-AGC CAC ATC GCT CAG ACA-3' and reverse, 5'-TCT CCT GGG AGG CAT AGA CC-3' (314 bp) for GAPDH. RNA was transcribed into cDNA and amplified by PCR to obtain 5 µl amplification products using a one-step qPCR kit (cat. no. DRR064A; Takara Bio, Inc., Otsu, Japan). PCR was performed at 95˚C for 5 min followed by 40 cycles at 95˚C for 30 sec, at 55˚C for 30 sec, at 72˚C for 45 sec, and at 72˚C for 10 min for a final extension. The PCR-amplified products were verified using a 1.2% agarose gel at 100 V for 20 min and the results were analyzed by gel imaging and analysis system (WE-9413B; Beijing Liuyi Instrument Company, Beijing, China).
Cell viability detection by MTT assay.
A total of 20 µl 5 mg/ml MTT (cat. no. KA1606; Abnova, Taipei, Taiwan) and 150 µl dimethyl sulfoxide was added to cells for 4 h, following which the optical density (OD) value was detected at a wavelength of 560 nm using a microplate reader. Cell viability (%)=(OD value of experimental group/OD value of control group)x100.
Cell apoptosis analysis by Annexin V-propidium iodide (PI) double staining flow cytometry. Cells were digested with 0.25% trypsin (no EDTA) and collected, following which 500 µl Binding Buffer was added. A total of 5 µl Annexin V-fluorescein isothyanate (FITC) was added to the cells, following which 5 µl PI was added. Avoidance response was performed at room temperature for 5-15 min and it was subsequently detected by flow cytometry after 1 h and analyzed by the software of CellQuest (BD Biosciences).
Western blotting. Proteins were extracted by centrifugation with 13,400 x g at 4 for 5 min, following which lysis buffer (cat. no. P0013; Beyotime Institute of Biotechnology) was added to obtain the total protein. Protein concentration was measured using a Bicinchoninic Acid assay kit. Equal quantity of protein per lane (50 µg) was separated by 4% SDS-PAGE gel and subsequently transferred onto PVDF membranes. Membranes were incubated with primary antibodies overnight at 4˚C. Following washing with PBS, membranes were incubated with secondary antibodies at room temperature for 1 to 2 h. Following this, the membrane was removed and washed and an Enhanced Chemiluminescence reagent (cat. no. WBKLS0500; Merck Millipore) was added. Densitometry was performed using Quantity One version 4.62 software (Bio-Rad Laboratories, Inc.).
Statistical analysis. Data are expressed as the mean ± standard deviation. Every experiment was repeated three times. Independent Student's t-test was used to determine differences between groups. P<0.05 was considered to indicate a statistically significant difference. All analyses were performed using SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA).
Results
Sirt1 protein and mRNA expression levels. As presented in Fig. 1 , Sirt1 protein expression levels were significantly increased in the Res group (1.03±0.10) compared with the control (0.22±0.03) and Res+siRNA groups (0.18±0.01; both P<0.05). Sirt1 mRNA expression levels were significantly increased in the Res group (0.98±0.08) compared with the control (0.30±0.03) and Res+siRNA groups (0.08±0.01; both P<0.05).
Bax and Bcl-2 protein expression levels. The protein expression levels of Bax were downregulated, and Bcl-2 upregulated, in the Res group compared with the control group. However, Bax and Bcl-2 protein expression levels increased in the Res+siRNA group compared with the Res group (Table I; Fig. 2 ).
MMP1 and MMP13 protein expression levels. Compared with the control group, the protein expression levels of MMP1 and MMP13 were downregulated in the Res group and upregulated in the Res+siRNA group, and were significantly different between the Res and Res+siRNA groups (Table I; Fig. 3 ).
MAPK signal protein expression. Compared with the control group, the phosphorylation levels of ERK, JNK and p38 were decreased in the Res group and increased in the Res+siRNA group. They were additionally significantly different between the Res and Res+siRNA groups (Table I; Fig. 4 ).
Detection of cell viability and apoptosis.
Compared with the control group (89.45%; Fig. 5A ), cell viability was significantly increased in the Res group (94.38%; Fig. 5B ), and significantly reduced in the Res+siRNA group (70.76%; Fig. 5C ). Cell apoptosis rates decreased in the Res group, whereas they increased in the Res+siRNA group (both P<0.05; Table I ; Fig. 5 ).
Discussion
The sirtuin 2 (Sir2) gene family, which exists in the chromatin of yeast, is widely associated with numerous physiological and pathological processes. Sirt1, a homologue of Sir2, is associated with apoptosis, the cell cycle, cell energy metabolism, lipid accumulation and cell aging (10) . Sirt1 has been demonstrated to serve important roles in extracellular matrix synthesis and cell survival, and has anti-inflammatory actions in human OA chondrocytes (11, 12) . Fujita et al (8) demonstrated that expression levels of Sirt1 are decreased in OA cartilage cells compared with healthy articular cartilage cells. Expression levels of transcription factor Sox9 was significantly promoted in OA chondrocytes transfected with wild-type Sirt1, and in chondrocytes transfected with mutant Sirt1, its expression levels reduced. Additionally, Gagarina et al (13) reported that Sirt1 may promote OA cartilage-specific gene expression and slow OA progression. Furthermore, Gabay et al (14) demonstrated that Sirt1 knockout altered cartilage expression, increased apoptosis and acceleration cartilage degeneration in mice. Sirt1 is able to block chondrocyte apoptosis mediated by tumor necrosis factor-α (15) . Therefore, chondrocyte apoptosis may be significantly suppressed by increasing expression levels of Sirt1, which reduces the degree of cartilage degeneration. The present study used resveratrol treatment and siRNA interference to investigate viability and apoptosis of OA cartilage cells. The results demonstrated that cartilage cell viability was promoted and apoptosis was reduced significantly on OA chondrocytes in the Res group compared with the control group. Additionally, cartilage cell viability was markedly reduced and apoptosis was significantly increased by siRNA Sirt1 transfection, compared with the control group. These results illustrated that increased Sirt1 expression levels serve an inhibitory effect on apoptosis in OA chondrocytes. Therefore, the present study further investigated the protein expression levels of Bax and Bcl-2 in each group of chondrocytes. The results revealed that when Sirt1 expression levels were increased, Bax expression levels decreased and Bcl-2 expression levels increased. With the intervention of siRNA Sirt1 and Res treatment, protein expression levels of Bax increased and Bcl-2 expression levels decreased, consistent with the above results from cell viability and apoptosis assays. Takayama et al (16) previously demonstrated that, by regulating Bax and Bcl-2 levels, Sirt1 resists nitric oxide-induced chondrocyte apoptosis. This further illustrated that during OA chondrocyte apoptosis, inhibition of Sirt1 is achieved by regulating Bax and Bcl-2 expression levels. Cartilage degeneration is a key pathological feature of OA, and is mediated by an imbalance of cartilage apoptosis and extracellular matrix degradation, exacerbating OA progression. MMPs, a Zn 2+ dependent protease superfamily, are the most important proteolytic enzymes in the extracellular matrix degrading process. MMPs are present in >25 species, and the most critical ones in OA are collagenases, including MMP1 and MMP13. MMP1 and MMP13 may degrade cartilage-specific extracellular matrix components including collagen type II. MMP1 may degrade proteoglycans and collagens type I and III. The degradation of MMP13 was 10 times greater compared with MMP1, which may degrade the type II collagen triple helix structure, contributing to the hydrolysis of other proteases. It has previously been reported that in the process of OA development, the content and activity of MMP1 and MMP13 were increased and enhanced. When their activity or expression levels were suppressed, collagen synthesis was promoted, and cartilage degeneration was inhibited (17, 18) . Meanwhile, Li et al (9) demonstrated that resveratrol may inhibit cartilage degeneration in OA mice by increasing Sirt1 activity and decreasing MMP13 and iNOS expression levels. Matsuzaki et al (19) demonstrated that Sirt1-conditional knockout mice were more likely to develop OA compared with 8-week old wild-type C57BL6/J mice, and exhibited increased expression levels of collagen X and MMP13. Therefore, based on this, the present study examined MMP1 and MMP13 expression levels in each group of cells by western blot analysis. The results revealed that compared with the control group, upregulation of Sirt1 expression levels may significantly inhibit MMP1 and MMP13 expression levels in OA chondrocytes, and with the intervention of siRNA on Sirt1 expression levels, MMP1 and MMP13 expression levels were significantly downregulated. This indicated that MMP1 and MMP13 expression levels may be significantly inhibited by upregulating the expression levels of Sirt1 in OA chondrocytes, which may reduce extracellular matrix degradation and mitigate cartilage degeneration.
The process of OA development is subject to a variety of inflammatory cytokines and mechanical stress stimulation. Stimulation signals are transmitted to various transcription factors via signal transduction pathways, to regulate chondrocyte apoptosis and extracellular matrix degradation. MAPK is the most important signaling pathway in mediating cartilage degeneration damage (20) . The MAPK signaling pathway regulates cell withered death, proliferation, hypertrophy, inflammation and other physiological response in a three-level manner: Inducing MAPKKK phosphorylation, activating MAPKK and finally phosphorylating MAPK, which enters the nucleus, mediated by a class of serine/threonine protein kinases present in eukaryotic cells. There are eight MAPK subfamilies involved in the pathogenesis of OA: JNK, p38 and ERK. Primarily p38 MAPK mediates inflammatory pathways in OA chondrocytes, inducing the expression of MMP13 and causing type II collagen degradation (21, 22) . Additionally, it has been reported that the p38 inhibitor may significantly reduce cartilage degeneration in a rat model of OA, and inhibit the expression levels of inflammatory factors (23) . JNK is involved in the regulation of MMP3 and MMP13 expression levels by regulating its downstream target proteins activator protein 1, c-Fos and c-Jun, and is additionally involved in apoptosis of chondrocytes. Yang et al (24) demonstrated that the JNK inhibitor SP600125 significantly inhibits NO-induced upregulation of MMP13 chondrocytes (21) . Yoon et al (25) reported that stimulation of transforming growth factor-α in chondrocytes leads to increased JNK activity; JNK is involved in apoptosis and reduces activity of the apoptosis proteins Bcl-2 and Bcl-2 family apoptosis regulator. The ERK signaling pathway is primarily associated with chondrocyte proliferation and hypertrophy; however, research has additionally reported that ERK inhibitors combined with hyaluronic acid significantly reduced ERK phosphorylation levels, therefore reducing the expression levels of MMP13 and delaying hypertrophic chondrocyte and cartilage degeneration (26) . Therefore, by inactivating the MAPK signaling pathway, apoptosis and degradation of the extracellular matrix of cartilage cells may be significantly inhibited, relieving cartilage degeneration. Therefore, the present study examined the levels of p38, JNK and ERK phosphorylation following Sirt1 overexpression or reduced expression in OA chondrocytes by western blot. The results indicated Sirt1 overexpression led to reduced phosphorylation of p38, JNK and ERK in OA chondrocytes, whereas p38, JNK and ERK phosphorylation levels were increased when OA chondrocytes were treated with combined Sirt1 siRNA and resveratrol. Bai et al (27) demonstrated that resveratrol may inhibit pulmonary vascular endothelial cell apoptosis by upregulating Sirt1 expression levels and reducing p38 MAPK activity in burn-induced mice, whereas Sirt1 siRNA promotes apoptosis caused by burning and increases p38 MAPK activity (27) . Becatti et al (28) demonstrated that myocardial apoptosis injury caused by ischemia-reperfusion, oxidative stress injury and mitochondrial dysfunction may be inhibited by Sirt1 overexpression, including reduction of p38 and JNK phosphorylation levels, thus increasing ERK phosphorylation. The results of the present study illustrated that increased Sirt1 expression levels in OA chondrocytes may significantly reduce p38, JNK and ERK phosphorylation levels, thus inhibiting chondrocyte apoptosis and extracellular matrix degradation. The level of ERK phosphorylation is inconsistent with the results of Becatti et al (28) , potentially due to the fact that at different time points, Sirt1 promotes cell survival by upregulating ERK phosphorylation levels and additionally inhibits the secretion of MMPs into extracellular matrix degradation by decreasing the level of inhibition of ERK phosphorylation. Therefore, further examination of phosphorylation levels across time points is required.
In conclusion, upregulation of Sirt1 expression levels may inhibit OA chondrocyte apoptosis and extracellular matrix degradation by increasing of Bcl-2 expression levels and decreasing Bax, MMP1 and MMP13 expression levels. This may be achieved by downregulating phosphorylation levels of p38, JNK and ERK.
